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STRXNGTHTESTSONP~ER CYLINDERS

BENDING;ANDSHEAR

By RichardV. RhodeandEugene

$myary-.“

IN

E.

—

CO”~R&SION,
,., . .

Lundquist

.- . .—R

-.. =.

,,
Statictestsonpapercylinde~swereconduoted

LangleyfiemorialyAeronauticalLaboratoryatL&ngley

at the

Field,

Virginia,toobtainqualitativeinformation-inconnection
. . .

witha stu”dyofthewtrengthof stress&d-skinfuselages.The

effectsof radius-thicknessratioandbulkheadspaoingwere

investigatedwiththecylindersincompression,bending,oom-

binedbendingandshear,andtorsion.

Ther&ults‘showthat:
..

1’.In’accord~cewiththetheoryof elasticity,

unit”stressesinpurecompressionincreasewithde-

creasingvalues of r~ius-thicknessratio,~,

“tothelaw S ~ K’E “.
y’
t ‘ : .. . .

2.BWkheadspacinghasno effect,within

andaccuracyof thesetests,uponthe

pression.

3.Unitstressesinpurebending

Streilgth

increase

creasingvaluesof radius-thickness’ratio;$.,

according

therange

incom-

with de-

according

to thelaw $ = ‘~ .
t
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4. Thevalueof K inpureb-=ndi”ngappears

abouttwicethevalueof~‘K inpureconpresf3ion.,,

tobe

5.Bulkheadspacinghasno,.effect,withintherange.,,
andaccuracyofthesetests,upon,thestrengthinpure

bending.
—

6.Withintheusualrangeofbulkheadspacing,the

effectofbulkheadspacing.onshearingstrengthagrees

qualitativelywiththeorya “

7; Bendingstrengthbecomeslesswiththeintro- ., ——

ductionofshear. ,,.

8.Shearingstrengthdecreased”wi~htheintroduction
-.

ofbetiding., .. . , ~,
,.

_-—
‘.

--

Intro”duction
.

,,
●

Inthecourseofa survey by theNatio,nalAdvisoryCommit-.
teeforAeronauticsof.thepxesent,statusoftheoreticaland

practicalknowledgeofthestreng,$hof stressed-s~instructures”
--

.,
forairplanes,ithasbeenfoundthatmanydosizno?~holdirra-

tionalopinionsastothebehaviorofvariouselementsof such:

structuresunderload.This.confusionot thoughtis,lQTGCLYa.

resultof thelackof coorditiated’testdataaswellasofa

laokof”understandingofbasiotheoreticalconsiderations.It

was,therefore,consid.er”edadvi.~abletomakesimplequalitative.

testsonpapercylind~rs,tti”’ch:~cksomeof thebasic,thecmiea ..

andto illustratethebehaviorof thistypeof structureunihx$ .

.— ..—
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variousconditionsof loadandwithseveral-combinationsof some

of theprincipaleffectivevakiables.Itisplannedtoextend

theseteststometal’oylindersat a laterdatetocheckthepres-
~’ -:

entresultsandalsotoobtainusablequantitativedataon this“
,,

type’ofstricttie.
. .

Testsweremadeon somethirtyspecimeilsin compression,

bending,combined-bendingandshear,andtorsionwith

valuesofbulkheadspacingandradius-thicknessratio. .
typeofloading.

several

foreaoh

. .

No attempt

andtheresults

ever,was taken

wasmadetoperfecta techniqueforsuchtests

“werehurriedlyobtained.Sufficientcare,how-

toinsurethata goodqualitativepictureofthe

relationshipsexistingwouldbe obtained.

Thetestswereconductedat theLangleyMemorialAeronauti-

calLaboratoryinDecember,1930.

ApparatusandMethod. I

Themodelsusedin thesetestswereconstructedofheavy

drawingpaperO.0053inohthick(average)and3/8-inchplywood

bulkheads”cementedwithairplanedope.‘Thedimensionsof the

specimenstestedundereachtypeof loadingaregivenin Tables

I .toIv. Figure1 showsa &moupbeforetesting.

followedinbuildingthesemodelswasasfollows:

Thepaperwascarefullycutintorectangular
..

Theprocedure

sheetswhose

dimen~ioi~~weresuchthatwhenrolledintocylinderstheproper

—-,
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●

diametersandbulkhead.spqcingswouldbe obtained.One-fouth–

inchoverlapwasallowedfpr@uingat.’.thelo~.gitudinalse~~_

Inallcase,s,thepaperrectangleswere’laid”outinsuch.away

thatthecurvaturein thefinishedcylinderswasinthes~e.

directionas thecurvatuxeintheoriginalpaperroll.Also,

carewastakenthatnovmink~esordsmagesof any’kindweresuf--,
feredboythepaper~n thecourse.offabrication. I

Theteststand,or jig$:for.loadingthecylindersis shown

clearlyinFigures14,19,and25withmodelsmountedforvai-

oustypesofhmd$ng. ThesefiguresarelarGelyself-explanatory

and.i.llustzatethemethordsemployedinapplyingtheloads.In

thecompress-ion.~e~ts,theset-upforwhichisnotshown,the

cylindersweremountedontopof theplatformwiththeirlongi-

twiul.axe~veyti@. W@lgeswereinsgrtedgndezthelower

bulkheadwhereneoessarytoinsureuniformbe”=ii~.Theload

wasappliedtoa stringwhichwascarefullyalignedwiththe

axisofthecylinderandfastenedtothecenterof theupper

bulkhead..Fromthis,pointthestringpasseddownthroughthe

cylinderanduplatform.tothe:weightpan. Withthisset-upthe

loadremainedaxial,onlyuntilthefi~stwrinkleappeared,after

which,because-ofthetiltingof theupperbulkhead,itbecame

slightlyeccentrio.

Inapplyingtheload,incrementsofsuccessivelydecreasing

-

— .

.—

.-

—

—

I

.-

.-

.—

—

sizewereaddeduntilfailure..Thisprocedurewas~.oneasraP- ..
idlyaspossibletoavoiderror~fro~lv=~a’tiorlsin theti~ _,, —

.-
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.

theloadwasapplied,althoughin somecases,forvariousrea-

sons,shortdelaysoccurredduringticcoursec< loading.

A flashlightwasusedtocast a beamoflightalongtheel-

ementsof thecylinders,By thismeansthefirstwrinkleswe~e

readilydetectedbecause‘anydeformationcauseda definit”eshadow

tobe formed.

Relativeandabsolutehumiditymeasurementsweremad-efor

eachsetof testsasa rotighcheckontherelativemoisturecon-.
tentof thepaper.Variationsinhumiditywereprobablysuffi-

cientlygreatfromdaytodaytocauseappreciablechangesin

theqisturecontentand,hence,variationsin theresults.

Testswithanyonetypeofloadingwereusuallymadeonthesame

day,however,tominimizeerrorsfromthiscause.

InordertodetermineYoung!smodulus,a numberof long

stripsofpaperwerecutbothperpendicularandpsxalleltothe

axisof therollandloadedin tension.TIMelongationscf

thesespecimensweremeasw-edby meansofa transitsightedona

scaleattachedtothelowerendof eachstrip.Itwasfound

thatYoungtsmodulusnormaltotherollaxiswasahouj3.6times

thatp~alleltotherollaxis,andtihcaveragedeviationfrom

themean“pa$allelto therollaxiswas7 percent. curvesof

unit”stressversusunitelongationfora numberof stripsare

giveninFigure28. .’
Incomputingtheunitstress,.ineveryeaseYoung!smodulus

wastakenas468,000- whichistheaveragevalueparallel,to
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the‘axisof therollforthepapexused.‘
.

DiscussionofResults
,

TheresultsaregiveniiTable’sI’%o~VandinFigures29
..

to31,inclusive.Photographsof speoirdensbeforo-andafter

failureareincludedinFi.-es1 to2’7.
,,,. ,.,

The”collapsings$resdfor’thin-walledcirculartubesin

“‘eittieraxialcompressionorpurebendingiigiven’by anequation

“ofthe““f&m“’ ; “;””

where

,,.
.. s’= y

3. ‘ ‘“ “

w= unitcompressivestress,

,:“K”=”’a constant,

E = Young~s;modulus;- “

t = wallthickness,

r“= radiusof tube.

(1)

Theoretically;thevalueof S isindependentofbulkheadspac-

ingaslongasthecylinderasa whol.’eisnotwithinthe~ICuler

ran@eand-aslong”astheelementsof thecylinderhave-noappre-

ciable str’engthascolumrm.Thecylinderstestedinthisinves-

tigationwereconstructedwithititheselimitations,sothatthe

restiltsfurnisha checkon theformoftheaboveequation.
...

InFigure29areplottedtheresultsof theaxialcompres-

sionandpurebending-tests.Thesmoothcuveswerederived

fromthe’f.bimulagivena-dove,
,.

K “beingtheaveragevaluedet-er-

,.

,

.,

—
—

—

.

. —.

.

—..
—

.
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minedfromtheexperimentalpoints.Ityin be

7

notedthatthe

agreementbetweentheexperimentalpoin’tsandderivedcurveis

fairlygoodforbothcompressionandbending.Also,inthecase

of thecompressiontests,theeffect.ofbulkheadspacing,if

present,i~withintheezprirnentalerror.Thisisevidencedlqy.,.
thegroupofpointsat ~,=955,,.,eachofwhichrepresentsa. .
differentbulkheadspacing.Theinfluenceofbulkheadspacing,..
in thebendingtestsislikewise.withinthee~erimentalerror...,. .,,.. . .

Itisgenerallybelievedth,at~he,uqitstresswhichcanbe

carriedin theextremefiberinbend@gis“equalt.otheunit,..’ ,,
stresswhichcanbe carried,inaxialcompression.Theresults... .,’.
of thesetestsasshowninFigure29,throwconsiderabledoubt,.

. onthisbelief,theunitstressinpurebendingbeingabout

twice-asgreatas
r

outtherangeof

thesupportwhich

thetraitst~essindirectcompressionthrough-

$ investigated.,’Thisresult-naybe dueto,.
tileextremefiberinbeildi~g obtainsfromad-

..F-

jacentfiberswhichWe lessseverelystresse,d,ortosomeother

phenomeiloil. ....?
Theresultsof thepU-eshearortorsiontestsaregivenin

Figure30. Wagner(#eference1) statesthatthecollapsing

stressforshearisgivenby an equationof theform. -.

where s = unitshearingstress,

(2)

2 = bulkheadspacing,

KI andK2 areconstants.
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curve.,gfveni:nFi~e 30representsthisequation..

withcoilstantssochosenas tofitthefirstandthirdpoints,

whicharebelievedtobe themostreliableones. InTableIII

itwillbe notedthatthecylinderwiththe5-inchbulkheadspao-

ing,rep~esentingthesecondpoint,isli~tedas imperfect,whioh

wouldleadoneto believethatthestresscazrledwassomewhat

low. Thefourthandfifthpoints,representing,the20-inchand

30-,inchbulkheadspacings,.are.al~.o.low. The~epointsarebe-’,.. .,. . . .,, ...
lievedtobe reliable,but the.cSaract.er.ofthefailure,as,seen...

inFiggre26,isdifferentfromthatforthe~hortercylinders.

Itisilotpossib~eto say,at.this,time,whetherthedifferent..
typeoffailureinthelong“oylindersis,a generalphenomenon

or a resultofslightlyimperfectspecimensor test,procedure.

ItCZQhardlybe said,however,thattheresultsof.thesete~ts

verifyWagnerrs.curyeeven,qualitatively,exceptpo~~iblyatval-...
Uesof i between,500.and2000. On.tileothezhand,ti~cresultst ““ ..

kcanotbe saidto dispr,~vetheWagnerformula.Furtherteststo

establishthispointwillbe requiredandarenowcontemplated,

Itisof interesttonotethattheallowableunitshearingstress

beginsto.ris.erapidlyin therange of bulkneadspacings.nowcom-,.
monlyu~edinmonocoquefuselages. —,, ,,,.

Theresultsofthetestsincombinedbendingandshearare

giveninFigure31. As indicatedby theuppercurve,thepres-

enceof shearreducesthestrengthofthecylinderinbending,“

probablybecausea partof thesupportwhichtheadjaoentfibers

,.

4

.

.

.
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giveto,theextremefiberisremovedwhenshearispresent..Con-
.’ .. .. ,.

versely,thepre-senceofa momentreducesthestrengthin shear,

asindicatedby thelowercurve.Itwillbe notedthattheup-..,:
percurvebecomesasyuptotiotoa unitstressof325poundsper

,
squareinch,whichis thestressoarriedby thecylinderinpure

bending.Thelowercurvereacheszeroatin~inityandinterseotb
..,.. .

they-axisat162poundspersquareinch,“thestresscarriedby

thecylinderinpureshear.

Oonclti-sil’ons

Itmaybe concltidedfromthes~.teststhat:

1.,In-accordancewitht~etheoryofelasticity,unit

●
‘stressesinpureoompressioaincreasewithdecreasingvaluesof

g
t

accordingto thelaw S = ~.
. 3

2. Bulkheadspaoinghasno effect,withintherangeand

accuracyof thesetests,uponstrengthincompression.

., 3. Unitstressesinpuremomentincreasewithdecreasing

valuesof ~ ~~accordingtothelaw S = —~’
t.

4. Thevalueof K inpurebendingappearstobe about

twicethevalueof K inpurecompression.

5. Bulkheadspacinghasno effect,withintherangeand

accuracyof thesetests,uponthestrengthinpurebending.

6. Withintheusualrangeofbulkheadspacing,theeffect.
ofbulkheadspacinguponshearingstrengthagreesqualitatively

.
withtheory.
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?. Bendingstrengthbecomeslesswiththeintroductio~of
,..., ..

shear,

8. Shearingstrengthdecreaseswiththeintroductionof

bending,

LangleyMemorialAe.ronau3icalLaboratoryj“
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,Rarcll10.,1931.

1,Wagner,Herbert
[

REFERENCE

..-

.

.-
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—

—

.-.

: S-tructuresof ~FinSheet
Netal,Their”Designand
Construction.

—
N.A.C..A.

TechnicalMemorandumNo’. .-
490,1928. -.,

.
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.
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Oylindm

A

B

c

D

D

E

F

G

H

J

Mkheei
pcing
(in.)*

6

B

10

12

12

15

2.+

5

7-1/2

2-1/z

)ianmteI
(in.)

6

8

10

12

12

15

10

10

10

15

ELoadat
; 1stWrinkl(

(lb.)

TABLEI

Test- PureCompression

572

762

955

.14+4

.144

.430

955

955

955

,430

21.4

25.1

23.8

21.3

21.2

18.6

29.3

30.2

Led a
billlrl

(lb.)

25.3

28.9

26.7

21.3

24.9

18.6

28.8

30.2

30.7

24.2

hit stress
LtfELilUre
lb.persq.in.:

256

219

162

108

J-26

75

175

la

1E!6

98

Lbsolut~
Iurd tq

‘?——

8.52

8.62

8.52

B.52

7.92

8.52

7.92

7.92

7’.92

7.92

D9t e

12-19-30

12-19-30

12-19-30

12-19-30

U-22-W

12-19-30

12-22-30

12-22-30

12-22-30

1.2-22-30

Ramrks

O.K.

O.K.

O.K.’

Faultycon-
struction

O.K.
Rebuilt

Faultycon-
f3truction**

O.K.

0.K.

O.K.

O.K.

* Measuredbetweentheinsidefaceflof thebullheads.

** Itma decidednottore~ld 15_inchcy~i.nders be~~e Of diffic~tiesOfperfectCOriStrllCtiOIl

ofthislargesize.

1
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OJlindez

AA

?03

cc

DD

x

Y

mJXhead
iyCik”
(in.)

6

8

10

12

20

24)

liamete]
(in.)

-—

6

8

10

12

10

10

F
Moment~tr 1stwrii!kl(

; (lb.- in.)

5?2 E12

7@ 109

955\ 91

1144 ‘n

955 92

955 147

TJ16LEII

Test- PureMoment

lomentat
failure
lb.- in.)

e’?

11’?

143

143

130

154

Unitstress
2.tfcilme
lb.persq.in.~

586

443

s47

241

315

3?4

6.15

6.15

6.15

6.52

6.15

6.15

Ikt e Rcsmrks

L2-2430O.K.

L2-24=30O.K.

L2-24-30O.K.

L2-3CM0O.K-

E-24-30Modeljar-
redwhile
loaded.
J’eilure
possibly
premature.

L2-2%%-30O.lt.

.
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Cylinde]

Ta

Tb

Tc

u

v

B-LilMled
spacing
(in.)

2-1/2

5

10

20

30

Dim=ete:
(in.)

10

10

10

10

10

$ (lb in )
Torque

,- .

r477 210

956 123

L
L91O 131

3@20 117

5730 84

* s=.318E; +50E (:)2

TABIJ3III

Test- Torsion**

Unitshear-
ingstress
at fzilum
(lb.pmsq.in.~

259

162

la

M5

104

>onrputedfail-
ingshearing
Stress (lb.
persq.in.)*

259.0

181.7

162.0

157.6

156.7

Absolute
humidity

6.8

6.8

6.8

6.8

6.8

,,.

I
Date Remarks

1-7-31O.K.18
wriukles
uniformly
spaced.

1-7-31Oylindm
iiperfect ~
13wrinkles.~

~
1-7-31O.K.11

wrinkles. :
~

1-%31 O.K. .

1-7-31O.K.
w
-.3
0



I

I

Q 10

P 10

Q 10
I

k
a).-.
P.

H
a

—
10

10

10

10

10

2.01

3.16

1.94

3.87

1.58

,

TA8LEIV

Test- Momentand8hear

7.91

4.42

5.2[

3.05

7.22

68.1

70.9

38.2

14.5

65*9

*l.

i-
comtantat 955.

165

172

336

278

160

6.52

6.52

6.52

5.29

5.29

32-30-30

1.2-30-30

L2-30-30

12-m-30

1.2-31”30

O.K.

O.K.

O.K.

O.K.

O.K.



.

.

.

-.

●

1.N.A.O.A.TechnicalNoteNo.370 Figs,1,2,3— ....—-...----...—4.....--.——.—-. ... I
—...- . . ,... . .

. .. —
‘k -‘“--

I Fig.1ModelsA.B.O.D.andE beforetest.
—-.—..”—-—-- : .- ..”.‘+”2:””-:’-:-- . .E

Fig.2ModelsA,B,OiD,andE aftercompressiontest.Front.
1~– - I

I 1~ Me_.:-.... e— -”-.=-r. -. . --- —---- , . .--—--—----... ..——v— .1

Fig.3ModelsA,B,C,D,andE aftercompressiontest.Rear.

I
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Figs.4,5,6
=-—...- ;

1+
+.

G
“.. ..-+,..,-: .,. _

:’=. -- : *

— ——



N.A.O.A.TeohnioalNoteNo.370—. —.——– -- .. .— .-
‘,,. .&_:

Figs.7,8,9

H

Fig.7ModelsF,G,@ H aftercompressiontest.Rear.
.- “ . . . ------ . . -. —,. .-=--—

.—— ~- — .

Li

Fig.8ModelsF,G,andH aftercompressiontest.Leftside.
m ~e,::,:, .,-...,,.—-----—-=-..:-~.. ,.x>.-..,. .

-. .
—— .

- . .=. .
1.

. .--_3%Am
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~__ — . ./ —.=1

--f - ,-— . —-.- -i
.&--i, ——a—, -------- ---. ,- -’. .,. —-”T i

.—.-..~sg!!?==~:..,.““.:”“-””
“~-’-.. -- .:--—=,- .------ .-4 -------- . .

,-.&“F” ““””““”ah

Fig.12ModelsAA,BB,CC,XandY afterpurebendingtest.
Leftside.

——. —=- .-. --- -.
. ... . . .

_-..

~~- ----— ----- -- -–-

.- .J?=; —--,-

-“””F.-—
“a’_ -_*.... .-“’:5

..s, . ---

_-J. J. . . **.+ ~—

--- cc “+
“-=p==-===q

—— ‘+. -:-=4z-... -=+—.4. .

Fig.13ModelsAA,BB,OC,X andY afterpurebendingtest,
Rightside.

—
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● Fig.14Testingapparatuswithmodelinplace.(Purebending).

1
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F1F3J15Models M and N after test in
combinedpurebending and ehmr.Rcont.

combinedpurebendingandshear.Rear.

3
‘%
L
m
“g
“w
-J

“P
purebendingWUI8hear,R18htBide. m

.
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,

---

-.. , .:..__ ~

*-

Fig.19Appa

-. <..7..,. -.

.+ .,.-=_ . .. . .
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1
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Fig.20ModelsO,P,andQ aftertestincombinedpurebending
andshear.Front.~: ...*. . . ----

P ‘“ ‘““- 0 ““
e:-=- .
--+.. .-—..—.—

s_ ,~u

. - —-.-..“ “.-:.

Fig.21ModelsO,P,andQ aftertestincombinedpurebending
andshear.Rear. . -...-——
“ Q -? o

. ——-..:+--, -,..,, __”
—.

y.—+-- - .-.

_=... -

..—- -
---

. .

I’ig.2i3ModelsO,P,andQ after testincombinedpurebending
andshear.Leftside.
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F.A.C.A.TechnicalNoteNo.370 Figs.23,24
—,.-. --- --..,._.,.-,=.> -_ ,..
z “=-”-+

“-..=.- -,*1- ,..—--,”.— -.—=..“. “,:—=...:--..: ●

E

.--—..,.----‘. i-... .,.+,.
.“r--–----..*-.’-.. . . .,.+. .,+,.,.!-:u-.,...—........+ ..--.—.J.,-+

“Q y o
‘-* -- - _-._ >-. “ :-. - =<. . .----

Fig.23ModelsO,P,andQ aftertestincombinedp~e bending
andshear.Rightside.

.

Fig.24ModelsTa,Tb,Tc,U,andV beforetesting.
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Fig.25Testingapparatuswithmodelinplaoe.(Torsion).‘
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Fig.26ModelsTa,Tb,To,U,a,ndV aftertorsiontest.Front.

Fig.27ModelsTa,Tb,Tc,U,andV aftertorsiontest.Rear.
.



. *

.

%J

&
a-&

.



,.

● ✎

,.

. .

\

x‘k. .
\ x Di.ff{?rentbulX lead.$paoi:lgs.

[See!:able31 w Id11
\ x-—

0 x

—
Comp::esai( m+,

t
“

0 600 800 1000 1200 1406 1600
~
t

Fig.29 Variation of unit stress with r/t in bending and oompressi.on.
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